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Spidersly the most diverse organs in the animal kingdom. Morphological diversity of the
limbs is largely based on their segmentation, because this divides the limbs into modules that can evolve
separately for new morphologies and functions. Limb segmentation also distinguishes the arthropods from
related phyla (e.g. onychophorans) and thus forms an important evolutionary innovation in arthropods.
Understanding the genetic basis of limb segmentation in arthropods can thus shed light onto the
mechanisms of macroevolution and the origin of a character (articulated limbs) that deﬁnes a new phylum
(arthropods). In the ﬂy Drosophila limb segmentation and limb growth are controlled by the Notch signaling
pathway. Here we show that the Notch pathway also controls limb segmentation and growth in the spider
Cupiennius salei, a representative of the most basally branching arthropod group Chelicerata, and thus this
function must trace from the last common ancestor of all arthropods. The similarities of Notch and Serrate
function between Drosophila and Cupiennius are extensive and also extend to target genes like odd-skipped,
nubbin, AP-2 and hairy related genes. Our data conﬁrm that the jointed appendages, which are a
morphological phylotypic trait of the arthropods and the basis for naming the phylum, have a common
developmental genetic basis. Notch-mediated limb segmentation is thus a molecular phylotypic trait of the
arthropods.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe possession of segmented appendages distinguishes the
arthropods from related phyla like the Onychophora (velvet worms).
Limb segmentation subdivides the appendages into smaller units that
can evolve their size and shape independently from the other units.
And by adding or deleting segments additional variation is achieved.
This modular nature of arthropod appendages is thus the basis for
their exceptional morphological and functional diversity.
The molecular basis of appendage segmentation in arthropods is
known in some detail in the ﬂy Drosophila melanogaster. The Droso-
phila leg is ﬁrst regionalized along its proximal–distal axis by the
expression of the genes extradenticle (exd) (and its co-factor ho-
mothorax (hth)), dachshund (dac) and Distal-less (Dll) (e.g. Abu-Shaar
and Mann, 1998; Lecuit and Cohen, 1997). This regionalization serves
as a kind of address code for the activation of the leg segmentation
genes in ring-shaped domains (Rauskolb and Irvine, 1999; Rauskolb,
2001). The leg segmentation genes comprise members of the Notchach-Institut für Zoologie und
st Caspari Haus, Georg-August-
ermany. Fax: +49 551 39 5416.
pic).
l rights reserved.signaling pathway and target genes of that pathway, e.g. genes from
the odd-skipped (odd) and hairy (h) related families (Bishop et al.,
1999; de Celis et al., 1998; Rauskolb and Irvine, 1999). The role of these
genes is not only to specify the location and number of leg joints in the
adult leg, but also to control the growth of the individual leg segments.
However, the Drosophilamode of leg development via imaginal leg
discs is a derived one and it is possible that this mechanism of leg
segmentation is only an adaptation to this peculiar mode of leg
formation. We have therefore studied leg segmentation in the spider
Cupiennius salei. Spiders belong to the Chelicerata, which are the
most basal branch in the phylogenetic tree of the arthropods.
Characters in common between Cupiennius and Drosophilamost likely
trace from the last common ancestor of all arthropods. In addition,
Cupiennius displays regular leg development during embryogenesis
without imaginal discs, a developmental mode that is typical for most
arthropod species. Cupiennius can thus provide us with information
about the ancestral state of leg segmentation in arthropods.
We have studied the role of the Notch (N) receptor and of its ligand
Serrate (Ser) during embryonic leg development. We have also studied
homologs of several genes that are target genes of Notch signaling in
Drosophila. Our data show that the genetic mechanisms in Cupiennius
are very similar to the mechanisms in Drosophila, indicating that
Notch mediated control of leg segmentation and leg growth is not
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the co-option of the Notch signaling pathway to a role in leg
segmentation traces from the arthropod ancestor and is associated
with the arthropod-speciﬁc evolutionary innovation that transformed
the simple tube-like appendages that are still found today in e.g.
onychophorans into the segmented arthropod appendage.
Materials and methods
Animals
All spiders were from our breeding colony at the Institute of
Genetics (Cologne). The spiders were kept separately in large glass
vials (with soil at the bottom) at 25 °C and approximately 60%
humidity. They were supplied regularly with water and food (live
crickets). Spider embryos were obtained and treated as described
before (Damen and Tautz, 1998; Prpic et al., 2008).
Isolation of cDNA fragments and phylogenetic analysis
The cloning of N, h, nub and odd-r1, dac, Dll and exd-1 has been
reported before (Stollewerk et al., 2003; Damen et al., 2000, 2002,
2005; Prpic et al., 2003; Schoppmeier and Damen, 2001). The Cu-
piennius homolog of Ser was isolated using the degenerate primers
Ser-fw (GTN TGY YTN AAR GAR TAY CA) and Ser-rev1 (CCR CAR WAR
TTN ARR TC) in the initial PCR and the primers Ser-fw and Ser-rev2
(CCC CAR TTN GTN TCR CA) in a semi-nested PCR. Using the
degenerate primers AP-2 fw (CAR CCN CCN TAY TTK CC) and AP-2
rev1 (GGN SWN CCR AAN CCR TG) in the initial PCR, and the primers
AP-2 fw and AP-2 rev2 (GGR AAY TCN GTY TCR CA) in a semi-nested
PCR, we have isolated a fragment similar in sequence to AP-2 from
Drosophila. However, the PCR fragment in the semi-nested PCRFig. 1. Expression of N and Ser in the developing legs of Cupiennius. (A–E) Expression of N. (F–
panels. In panels A–E the arrow denotes the ring in the femur, the asterisks denote the two
patella. In panels G, H the arrows point to the emerging rings. In panels I–K the arrow and ar
arrows in panels L–N point to the late splitting of the distalmost ring of Ser expression. The n
femur; pt, patella; ti, tibia; mt, metatarsus; ta, tarsus.resulted not frompriming of the forward and reverse primermixtures,
but only from priming of the reverse primer mixture. We therefore
had to exclude the possibility that the fragment was a PCR artefact
pieced together from genuine sequence of the Cupiennius AP-2
homolog and unrelated sequence. We designed gene speciﬁc primers
that would amplify the entire sequence of the fragment (if existing in a
single stretch) and used them in a PCR on Cupiennius cDNA. This PCR
yielded a single fragment of the same size as the original fragment
obtainedwith the primermixtures. The new fragment was cloned and
sequenced and it was identical in sequence to the original fragment.
This shows that the fragment in its entirety is a genuine part of the
Cupiennius cDNA of this gene. The accession numbers for the genes
used in this study are the following: N: AJ507288, Ser: FM208902, h:
AJ252154, nub: AJ420131, AP-2: FM208901, odd-r1: AJ968391, Dll:
AJ278606, dac: AJ518942, exd-1: AJ518943. The orthology of all
fragments was established by phylogenetic analysis (data not
shown). Phylogenetic analysis was done as described previously
(Prpic et al., 2005).
In situ hybridization, nuclear stains, immunocytochemistry and RNAi
The detection of mRNA in ﬁxed embryos has been performed
following the whole-mount in situ hybridization protocol for Cu-
piennius (Damen and Tautz, 1998; Prpic et al., 2008). For DNA staining
ﬁxed Cupiennius embryos were rehydrated stepwise in phosphate
buffered saline with 0.1% Tween-20 (PBST) and incubated for 1 h in
1 μg/ml DAPI in PBST. Incubation was followed by several washes in
PBST, the last one over night, to remove excess DAPI. Retained DAPI
was visualized under UV light (data not shown). For the detection of
phosphorylated histone H3 ﬁxed embryos were rehydrated and
blocked in 10% bovine albumine/2% goat serum in PBST. Rabbit anti-
ph3 antibody (Biozym) was used in a 1:500 dilution. The rabbitN) Expression of Ser. The age in hours after egglay is given in the lower right corner in all
distal rings, and the arrowheads point to the two intercalating rings in trochanter and
rowhead point to the intercalating rings in the patella and trochanter, respectively. The
ames of all leg segments are given in panel E. Abbreviations: cx, coxa; tr, trochanter; fe,
Fig. 2. Percentual distribution of phenocopies after RNAi with N, Ser and AP-2. The
phenotype of the embryos is coded in colours that are explained in the ﬁgure below the
diagrams. Please refer to the text for an explanation of the different categories.
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with alkaline phosphatase (Dianova; dilution 1:100). RNA interference
(RNAi) was performed as described before (Schoppmeier and Damen,
2001; Prpic et al., 2008). Double-stranded RNA was transcribed from
the full available fragments of the genes as a template. Phenotypes
were assessed on the seventh day after injection; the embryos are
then already at the late inversion stage. TUNEL detection of apoptotic
cells was performed as previously described (Prpic and Damen,
2005a; Prpic et al., 2008).
Embryo dissection and photography
Whole embryos were transferred to PBST, manipulated with insect
preparation needles and photographed using a Leica dissection
microscope equipped with a Zeiss digital camera. Spider appendages
were dissected with very ﬁne sharpened tungsten needles (Prpic et al.,
2008), transferred to 50% glycerol (in PBST) on a microscope slide and
covered with small shards of cover slips to reduce capillary forces. The
length of the dissected legs was measured directly on the microscope
computer screenwith a ruler. Images have been captured with a Zeiss
Axioplan-2 microscope equipped with a Zeiss digital camera. All
digital images have been subjected to adjustment of brightness, colour
values and contrast using Adobe Photoshop 7.0 for Apple Macintosh.
Results
Expression of Notch and Serrate is segmentally repeated in the legs
The expression of N during leg development in Cupiennius is very
dynamic. In the early limb buds the level of expression is very low (not
shown). During further development N is expressed ubiquitously in
the growing legs. However, there are areas of elevated expression
levels (rings) in the legs. The number of rings increases over time. The
sequence of appearance of the rings does not follow a simple tip to
base order or vice versa. Rather the sequence of appearance is
complex, but stereotypic. At approximately 150 h after egg laying
(AEL) there are two rings in the legs in addition to a strong expression
at the base (Fig. 1A). At around 170 h AEL a further ring is present in
the distal leg (Figs.1B, C). Two additional rings intercalate between the
existing rings approximately at 200 h AEL (Fig. 1D). Eventually there is
a ring of elevated N expression associated with each leg segment and
the leg tips (Fig. 1E).
The Ser expression proﬁle is similar to the one for N, but is more
complicated. In the early limb buds Ser is expressed clearly above
background level (Fig. 1F). At about 140 h AEL irregularities appear in
the ubiquitous expression (Fig. 1G), indicating the emergence of rings
of higher and lower levels of expression at approximately 150 h AEL
(Fig. 1H). The appearance of Ser rings preﬁgures the N rings at a later
point in time. For example, the pattern ofN at 150 h AEL still comprises
two rings (Fig.1A), whereas the Ser pattern already has three rings (Fig.
1H). Similarly, the two intercalary Ser rings appear at 165 and 180 h
AEL, respectively (Figs. 1I, K; arrowhead and arrow), whereas the
corresponding rings of the N pattern are ﬁrst visible at 200 h AEL (Fig.
1D, arrowheads). The ﬁnal event in the expression proﬁle of Ser
involves the splitting of the distal ring into twoweakly expressed rings
(Figs. 1L–N, arrows). There is no comparable event in the proﬁle of N.
Smaller clusters of cells with high levels of Ser expression are located
next to the joint invaginations as of approximately 185 h AEL and likely
represent proprioreceptor precursors.
Notch and Serrate control leg segmentation and leg growth in the spider
The expression of N and Ser in segmental rings points to an
involvement of N signaling in spider leg segmentation. To investigate
the function of N and Ser during leg development we have used
RNAi. Early injection of N dsRNA into Cupiennius embryos is knownto lead to defects in body segmentation and nervous system
development (Stollewerk et al. 2003; Stollewerk, 2002). Especially
the interruption of body segmentation is a problem for the study of
the role of N in leg development, because the formation of segments
precedes the formation of legs. In order to avoid the severe RNAi
body segmentation phenocopies (and thus to distinguish between a
role of N in leg and body segmentation) we have injected the
embryos approximately 12 h later than as per the standard protocol
(Schoppmeier and Damen, 2001). This slightly decreased the overall
performance of the RNAi compared to previous studies with N
(Stollewerk et al. 2003; Stollewerk, 2002), but it also decreased
signiﬁcantly the amount of embryos with impaired body segmenta-
tion (the effect on the nervous system has not been investigated). We
have classiﬁed the phenocopies into two categories according to
severity (see Fig. 2). “Weak” refers to embryos with legs shortened by
less than 20%, “strong” includes all legs that were shortened by more
than 20% and also more severely affected embryos that had body
segmentation defects and no legs. Fig. 2 shows the percentual
distribution of the phenocopies. The legs of N RNAi phenocopies are
not only shorter, but also visibly malformed (see e.g. Figs. 3B, C, G, H).
The stereotypic constrictions that are present in normal legs, and that
are indicative of the beginning segmentation of the legs, are missing.
The legs in the N phenocopies are of a creased and wrinkled
appearance indicating problems with leg segmentation.
In contrast to N, the Cupiennius Ser gene is not involved in body
segmentation, because there is no signiﬁcant expression in the
posterior growth zone that forms the segments and RNAi with Ser
function does not lead to body segmentation defects (not shown). But
Ser has a role in leg development, because RNAi with Ser leads to leg
developmental defects similar to the ones obtained with N RNAi (see
Fig. 3). We classify the Ser RNAi effects into two categories (see Fig. 2).
“Weak” refers to embryos with legs shortened by less than 20%. These
embryos formed the majority of all affected embryos (Fig. 2). The
remainder, classiﬁed as “strong”, comprised mainly embryos with legs
shortened by approximately 20–30%, and also cases of more severe
Fig. 3.Morphology, cell proliferation and cell death in N and Ser RNAi legs. (A–E) Detection of phosphorylated histone 3 (ph3), a marker for proliferating cells. Legs after N (B, C) and
Ser (D,E) RNAi show signiﬁcantly fewer positive cells than control (WT) animals. (F–J) Detection of cell death with the TUNEL method. Control animals show only few apoptotic cells
(arrows in F). N (G, H) and Ser (I, J) RNAi animals show signiﬁcantly increased numbers of apoptotic cells.
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phenocopies lacked the typical stereotypic segmental leg constric-
tions, which were replaced by irregular folds and wrinkles.
Reduced cell division and enhanced cell death after downregulation of
Notch signaling
To characterize the nature of the malformed and shorter legs in N
and Ser RNAi embryos we have studied cell proliferation using an
antibody against phosphorylated histone 3 (ph3) that is a marker for
mitotic cells. In normal legs a large number of cells is labeled with this
antibody indicating a signiﬁcant number of mitotic cells and thus cell
proliferation in the growing legs (Fig. 3A). In the legs ofN phenocopies,
however, hardly any mitotic cells were visible (Figs. 3B, C), and in
strongly affected legs with Ser RNAi, there were no mitotic cells at all
(Figs. 3D, E), indicating that cell proliferation had decreased
signiﬁcantly. We then studied cell death using TUNEL (Prpic and
Damen, 2005a). In normal legs only a few apoptotic cells are detected,
mainly at the tips and at the dorsal side of the leg base (coxa) (Fig. 3F).
However, in both the N and Ser phenocopies a large number of
apoptotic cells are detected that are distributed throughout the legs
(Figs. 3G–J). Taken together these data indicate that the shortened legsare the result of reduced cell proliferation and increased cell death in
response to the depletion of N or Ser. These results do not support the
notion that a simple delay of the onset of leg development due to
difﬁculties in body segment formation is a major cause for leg size
reduction in N and Ser phenocopies.
The leg gap genes exd, dac and Dll are upstream of Notch and Serrate
The expression of the leg gap genes exd, dac and Dll is largely
unaffected by RNAi with N and Ser in legs of the spider Cupiennius. Dll
is expressed in about two thirds of the distal portion of the legs with a
sharp border of expression towards the proximal leg (Fig. 4A). This
expression pattern, including the sharp proximal–distal expression
boundary, is unchanged in N RNAi legs (Fig. 4B) and Ser RNAi legs
(Fig. 4C). The dac gene is expressed in a central ring and there is an
additional spot in the proximal leg (Fig. 4D). Both dac expression
domains are present in theN and Ser RNAi legs (Figs. 4E, F), but the ring
element appears narrower than in thewild type due presumably to the
general size reduction of the legs. The exd-1 gene of Cupienniusmarks
the proximal portion of the legs. In addition there is a narrow ring of
expression at the border between patella and tibia (Fig. 4G; Prpic and
Damen, 2004). The proximal domain is not affected in either N or Ser
Fig. 4. Expression of the leg gap genes Dll, dac and exd-1 in N and Ser RNAi legs.
Regionalization of the legs by the leg gap genes is not affected in the RNAi legs.
Expression of Dll (A–C) and dac (D–F) is virtually identical in control and RNAi legs. The
arrow in panels A–C denotes the expression border of Dll between trochanter and
femur. The asterisk in panels D–F denotes the proximal expression domain of dac. The
proximal expression of exd-1 (G–I) is unchanged, but the distal ring (arrow in G) is lost
in RNAi legs (H, I).
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the exd-1 pattern is lost indicating that this expression element is
regulated downstream of Notch signaling.
These data demonstrate that the leg gap genes Dll, dac and exd are
upstream of the Notch signaling pathway in Cupiennius legs, as they
are in the ﬂy Drosophila, where these genes regionalize the legs and
act upstream of the Notch signaling pathway.
Notch and Serrate inﬂuence other leg segmentation genes
In Drosophila a number of genes are known that are involved in leg
segmentation downstream of Notch signaling. These genes include
odd-related genes (Hao et al., 2003), h/Enhancer of split (E(spl)) related
genes (Bishop et al., 1999), nubbin (nub) (Rauskolb and Irvine, 1999),
Activator Protein-2 (AP-2) (Kerber et al., 2001), but also N and Ser
themselves. We analyzed the homologs of these genes in wildtype and
inN and SerRNAi legs in the spider. First, we investigated the expression
of Ser in N phenocopies and vice versa. Both genes are thought to
mutually regulate each other inDrosophila (Bishop et al., 1999).We ﬁnd
that in N phenocopies Ser is downregulated (Figs. 5A, B), and in Ser
phenocopiesN is downregulated (Figs. 5C–E), an exception being in theleg tips, which retain weak expression of Ser and N, respectively. In the
spider N and Ser also seem to mutually regulate each other.
Three different odd related orthologs are known from Cupiennius,
odd-r1, odd-r2, and odd-r3 (Damen et al., 2005). All three genes are
expressed in the developing legs, but odd-r3 is expressed extremely
weakly, whereas odd-r2 is restricted to distal segments (data not
shown). We have therefore focused here on odd-r1, which is expressed
in very sharp segmental rings in the legs where the joints form (Fig. 5F).
This expression is consistent with a function in leg segmentation and
joint development. In Ser RNAi odd-r1 expression is almost completely
downregulated even in weak phenocopies (Fig. 5I). In N phenocopies
there is a signiﬁcant downregulation of the odd-r1 rings, but some
rings (Fig. 5G) or portions of rings (Fig. 5H, arrow) develop. The
expression of odd-r1 is thus severely affected after the silencing of N
and Ser, suggesting that odd-r1 is regulated by Notch signaling.
The seven Drosophila E(spl) genes belong to a group of paralogous
h-related bHLH genes that also contains h, deadpan, side, stich1, hey,
and her (Schlatter and Maier, 2005). In Cupiennius there is only a
single h related gene known so far, and this gene, h (Damen et al.,
2000), is expressed in segmental rings in the legs that roughly
coincide with the rings of elevated N expression (Fig. 5J). We ﬁnd that
the rings of h are lost in phenocopies of both N and Ser (Figs. 5K–N). In
the tarsus, however, no signiﬁcant downregulation of h is observed,
suggesting that this expression domain of h is independent of Notch
signaling. The latter result is similar to what we have found with Ser
and N expression (see above) and it corroborates the special nature of
the tarsus in Cupiennius.
Cupiennius nub is expressed in segmental rings in the legs (Damen
et al., 2002; Prpic and Damen, 2005b), the most distal ring being
expressed most strongly (Fig. 5O). In N phenocopies the nub ring at
the border between the trochanter and femur is replaced by a diffuse
expression in proximal areas (Fig. 5P, arrowhead). But apart from
this, all rings of the normal pattern are present, albeit they appear
more crowded due to the reduced leg length. In Ser phenocopies the
nub pattern is disturbed more signiﬁcantly than in N phenocopies
(Figs. 5Q, R). However, there is somevariation in the effects. The diffuse
expression of nub in the proximal leg areas is similar to the pattern inN
phenocopies. Distal pattern elements are affected more erratically. nub
rings in some cases are weak or completely gone (Fig. 5Q), or are
replaced by a diffuse pattern (Fig. 5R, arrowhead).
In Drosophila, cells without Notch signaling do not express AP-2
suggesting it is dependent on that pathway (Kerber et al., 2001;
Monge et al., 2001). We do not ﬁnd such an absolute requirement of
Notch signaling for AP-2 expression in Cupiennius, but Notch signaling
is required for the proper pattern of AP-2. In the spider AP-2 is
expressed in segmental rings in the legs (Fig. 5S). In the legs of N and
Ser phenocopies this ring pattern is severely disturbed. The strong
proximal ring of AP-2 expression is gone, although sometimes a weak
proximal ring can still be seen (Fig. 5T). In the distal part of the legs a
broad band of AP-2 expression replaces the expression rings in the
normal legs (Figs. 5T–V). The broad distal domain is clearly more
extensive than any of the rings in the normal expression pattern, and
in extreme cases it can ﬁll about half of the appendage (Fig. 5V). These
data suggest that N signaling is required for the proper pattern of AP-2
expression, but is only required for activation of AP-2 in the proximal
ring in Cupiennius.
AP-2 has a role in leg development
Wehave also tried to perform RNAiwith these regulatory targets of
the Notch pathway. Unfortunately, we could not achieve signiﬁcant
downregulation of odd-r1, h or nub (data not shown). However, we
were able to obtain phenocopies by interfering with AP-2 expression.
In weak AP-2 phenocopies the legs were shortened by only up to 10%
(Fig. 6B). In these legs all stereotypic segmental constrictions of the
wildtype legs were still present, but the nascent leg segments
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copies were very similar to the N and Ser phenocopies, because the
legs were shorter (by up to 40%) and normal segmental constrictions
were missing and were replaced by irregular bulges (Figs. 6C, D).
However, the number of phenocopies was signiﬁcantly lower than
in the RNAi experiments withN and Ser (see Fig. 2). We found that this
was caused by residual expression of AP-2 in all embryos. In weak AP-
2 phenocopies the normal pattern of AP-2 was still present albeit it
was much weaker than in wildtype legs (Figs. 6A, B). In the strong
phenotypes some rings of the wildtype pattern were gone, but some
weakly expressed rings remained, especially in the distal leg (Fig. 6C).
Even in themost strongly affected legs some scattered cells expressing
AP-2 remained (Fig. 6D).
Not only the morphological effects of AP-2 RNAi, but also the cell
biological effects, were very similar to the effects of N and Ser RNAi.
The number of mitotic cells detected with the anti ph3 antibody was
lower than in wildtype legs (Figs. 6I, J) and the number of apoptotic
cells detected using TUNEL was much increased (Figs. 6K–M),
indicating that leg size reduction after AP-2 RNAi is also caused by
reduced cell proliferation and an increased cell death rate.
We then studied the expression of h, nub and odd-r1 in AP-2 RNAi
legs. In contrast to the pattern in Ser and N RNAi, expression of h is not
lost in response to RNAi with AP-2; rather the pattern is disturbed. The
proximal leg portion is ﬁlled with a diffuse but punctate expression
and only in the distal region some rings of the normal h pattern are
present (Fig. 6E). Thismight correlatewith the fact that the distal rings
of AP-2 expression persist weakly even in most of the strong AP-2
phenocopies (Fig. 6C), and this residual expression might be sufﬁcient
to organize the segmental h pattern in the distal leg. Consistent with
this notion, the h pattern is completely disturbed and no rings are
formed in the strongest AP-2 phenocopies (Fig. 6F). However, the
expression of h in the tarsus is unaffected in all cases.
The effect of AP-2 RNAi on nub and odd-r1 expression is minimal.
Even in most strongly affected legs the nub pattern is essentially
normal and all rings of the wildtype pattern are present and are
strongly expressed (Fig. 6G). The pattern is very crowded to the extent
that some rings are so close together that they appear almost as a
single ring, but this is certainly a secondary effect of leg size reduction.
All rings of the wildtype odd-r1 pattern are present and formed as
complete, uninterrupted rings (Fig. 6H). They appear to be expressed
at a lower level than in the wildtype, suggesting that AP-2 might be
involved in the regulation of the expression level of odd-r1.
Discussion
Fly and spider share a genetic network for leg segmentation
In the ﬂy Drosophila the level of expression of many components of
the Notch signaling pathway is elevated in a segmentally reiterated
pattern, and also many target genes are expressed in segmental rings
(e.g. Bishop et al., 1999). We ﬁnd a similar situation in the legs of the
spider Cupiennius. N and Ser are expressed ubiquitously, but show
rings of elevated expression in a segmental pattern. Similarly, all of the
investigated homologs of Drosophila Notch signaling targets display
expression in segmental rings, which is especially evident with odd-
r1. In addition, in Drosophila the rings of expression of Ser do not
appear in a simple sequence (e.g. from tip to base or vice versa); rather
they appear in a complex, but stereotypic sequence (Rauskolb, 2001).
In Cupiennius, both Ser and N rings also appear in a complex and
stereotypic sequence. However, the sequence is different from the Ser
sequence in Drosophila, probably because the leg segments in Droso-
phila and Cupiennius are not directly comparable.
In Drosophila the loss of N or Ser leads to legs with fused leg
segments and thus loss of leg joints (Bishop et al. 1999; Rauskolb and
Irvine, 1999; de Celis et al., 1998). In addition, N mutant legs also are
signiﬁcantly shorter than wild type legs. Thus, N has a role in both legsegmentation and leg growth. The data on Ser is partially contra-
dictory on this point. While some describe a role of Ser in leg
segmentation, but not in leg growth (Bishop et al., 1999), others report
on a growth promoting function of Ser (Rauskolb and Irvine, 1999). In
addition, Ser is known to promote cell proliferation in the wing disc
(Speicher et al., 1994). In legs mutant for Notch signaling the
expression of several N targets is impaired. For example, expression
of members of the odd family is reduced after N inactivation (Hao et
al., 2003). Furthermore, expression of nub is lost in N mutant clones
(Rauskolb and Irvine, 1999), and expression of all members of the E
(spl) complex is reduced or abolished in imaginal discs mutant for N or
Suppressor of Hairless (Su(H)), an intracellular transducer of the N
signal (de Celis et al., 1996). Similarly, in cells mutant for Su(H) no
expression of AP-2 was detected (Kerber et al., 2001).
The leg phenotype ofN and Ser RNAi in Cupiennius is very similar to
the phenotype in Drosophila. After RNAi the legs are signiﬁcantly
shortened and the stereotypic constrictions that in the wild type
indicate the forming joints, are replaced by irregular folds and bulges,
indicating the loss of normal leg segmentation. In addition, the rings of
odd-r1 expression are incomplete or evenmissing, indicating problems
with leg segment formation. The effect on the odd-r1 gene after N or
Ser depletion is very similar to the effect in Drosophila, where it has
been demonstrated that the odd family genes are regulated by Notch
signaling and are required for joint formation (Hao et al., 2003).
Our results with h are not easily comparable to the Drosophila
homolog. In the fruit ﬂy h is not expressed in segmental rings in the
legs (Carroll and Whyte, 1989). However, Drosophila h belongs to a
larger family of paralogous genes, some of which are expressed in the
legs in segmental rings, for example, the E(spl) genes E(spl)mbeta and
E(spl)m8 (de Celis et al., 1996). All of the E(spl) genes are dependent
upon signaling through N and their expression is greatly reduced or
lost entirely upon loss of Notch signaling (de Celis et al., 1996). The h
gene from Cupiennius is so far the only h related gene found in the
spider. Based on its sequence it is more similar to Drosophila h than to
any of the E(spl) genes. We cannot exclude the possibility that there
are more paralogs, but so far h is the only h related gene known in
Cupiennius. As such it might unite the different roles of the paralogous
h related genes in Drosophila. Support for this idea comes from work
on spider segmentation where it was demonstrated that h is
controlled by Notch signaling (Stollewerk et al., 2003), similar to the
E(spl) genes in Drosophila. Here, we show that the Cupiennius h gene
is expressed in segmental rings in the legs that are completely lost
when N or Ser are knocked down by RNAi. This is different from
Drosophila h, but very similar to some of the E(spl) genes, and we
suggest that in the legs the spider h gene may have the role of the E
(spl) genes in Drosophila.
The Drosophila nub gene is expressed in segmental rings in cells
of the presumptive leg joints and its expression is regulated by Notch
signaling (Rauskolb and Irvine, 1999). The Cupiennius nub homolog is
also expressed in segmental rings. However, Notch signaling does
not seem to be the only factor regulating nub expression in the legs
of Cupiennius, because we observe only minor nub pattern distor-
tions after depletion of N or Ser (indicated by the hypothetical factor
X in Fig. 7). Interestingly, additional yet unidentiﬁed factors have also
been implicated in nub regulation in Drosophila (Rauskolb and
Irvine, 1999).
Finally, we have studied the regulation and function of AP-2 in
Cupiennius leg development. AP-2 is expressed in reiterated rings in
the legs, and our results show that AP-2 is required for proper leg
growth and for normal leg segmentation, because after AP-2 RNAi
the legs are shortened and the segmental leg constrictions are lost
and are replaced by irregular folds. This is very similar to Drosophila,
where AP-2 is expressed in segmental rings and plays an important
role in leg segmentation and leg growth (Kerber et al., 2001; Monge
et al., 2001). Speciﬁcally, it has been proposed that AP-2 may induce
the expression of a secreted “survival factor” (Kerber et al. 2001). Our
268 N.-M. Prpic, W.G.M. Damen / Developmental Biology 326 (2009) 262–271
Fig. 6. Function of theAP-2gene. (A–D)Expression ofAP-2 in control (A) andAP-2RNAi (B–D) legs. Expression rings are denoted byarrows inpanels A–C. In the strongestAP-2phenocopies
only single cells remain that expressAP-2 (arrows in D, andmagniﬁed in the inset in D). (E–H) Expression of putative Notch pathway targets inAP-2 RNAi legs. (E, F) Expression of h. Some
rings of the wildtype pattern remain in weak phenotypes (arrows in E). The h ring pattern is replaced by diffuse expression in strong phenotypes (F). The tarsal expression is always
unaffected (arrow in E, F). (G, H) Expression of nub and odd-r1, respectively. All rings of the normal pattern remain (arrows). (I, J) Detection of phosphorylated histone 3 (ph3) in control (I)
and AP-2 RNAi (J) legs. (K–M) Detection of cell death via TUNEL in control (K) and AP-2 RNAi (L, M) legs. The arrows in K point to the few apoptotic cells in wildtype legs.
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amount of cell death in the legs of AP-2 depleted animals. In Droso-
phila AP-2 is regulated by Notch signaling in a way that AP-2
expression is lost if Notch signaling is interrupted (Kerber et al.
2001). We do not ﬁnd this absolute dependence of AP-2 expression on
Notch signaling in Cupiennius. Rather, Notch signaling seems to be
required for proper AP-2 pattern formation, but not for AP-2 activation
(indicated by a hypothetical factor Y in Fig. 7 that is required for AP-2
activation). However, AP-2 seems to have an inﬂuence on at least a
subset of targets of Notch signaling, because we ﬁnd that especially hFig. 5. Expression of putative Notch pathway targets in RNAi legs. (A, B) Expression of Ser in
legs. The arrows in panels A and C point to the normal ring pattern. (F–I) Expression of odd-r1
rings. The arrows in panel G denote rings that remain expressed at a higher level. The arrow
remnants of the rings. (J–N) Expression of h in control (J), N (K, L), and Ser (M, N) RNAi legs. T
nub in control (O), N (P), and Ser (Q, R) RNAi legs. In panels P–R the arrows point to expressio
control (S), N (T, U) and Ser (V) RNAi legs. The arrows point to expression rings, the arrowhe
extent of the disturbed pattern.expression is disturbed after AP-2 depletion. The effect of AP-2 and N
depletion on h expression differ, because in the latter case h expression
is lost, whereas after AP-2 depletion h is still expressed, but the pattern
of segmental rings is lost. Thus, AP-2 is necessary only for h pattern
formation, whereas N is required for h activation.
In Drosophila, the activation of the Notch signaling pathway genes
is dependent on the prior regionalization of the legs by the leg gap
genes (Rauskolb and Irvine, 1999; Rauskolb, 2001). Our results show
that the regionalization of the Cupiennius leg by the leg gap genes is
not dependent on Notch signaling and thus is presumably upstream ofcontrol (A) and N RNAi (B) legs. (C–E) Expression of N in control (C) and Ser RNAi (D, E)
in control (F), N (G,H) and Ser (I) RNAi legs. The arrows in panel F denote the expression
in panel H points to an incompletely formed ring. The arrows in I point to very faint
he arrows in panel J point to the expression rings in wildtype legs. (O–R) Expression of
n rings, the arrowhead points to disturbed proximal pattern. (S–V) Expression of AP-2 in
ad in panel S points to a proximal dot of expression. The line in panels T–V denotes the
Fig. 7. Regulatory interactions between leg developmental genes in Cupiennius. The
genes Dll, dac and exd-1 are upstream of the Notch pathway (blue box). This suggests
that they might regulate this pathway (dotted arrows). N and Ser regulate each other
and also a group of downstream genes (red circle). X and Y stand for proposed
additional inputs on nub and AP-2, respectively.
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ring of exd-1 at the distal end of the patella is lost in RNAi legs. This
indicates that the exd-1 pattern consists of two differently regulated
elements. The proximal element is correlated with leg regionalization
and is independent of Notch signaling. The distal ring element is
activated by Notch signaling and thus apparently belongs to the leg
segmentation mechanism. This would also be consistent with the ring
shape of this element and its location near the junction between
patella and tibia. The patella is a leg segment speciﬁc to chelicerates
and the joint between patella and tibia is special, because its freedom
of up and down movement is strongly restricted and the joint can be
moved essentially only sideways (Foelix, 1996). It is tempting to
speculate that the ring element of the exd-1 expression pattern is
involved in generating the speciﬁc morphology of this joint.
Another special leg segment apparently is the tarsus in Cupiennius.
The h gene is not regulated by Notch signaling in this leg segment, and
N and Ser are not mutually dependent in the tarsus. This different gene
regulation may indicate that these tarsal expression elements are not
involved in leg segmentation. Instead, expression of h, N, and Ser
in the tarsus might control the development of sensory organs, as
the tarsus is the seat of several highly sensitive sensory organs
(Barth, 2001).
The regulatory interactions of the genes studied in this report are
summarized in Fig. 7. Apart fromminor differences (e.g. the regulation
of AP-2) and spider-speciﬁc novelties (e.g. the N dependent element of
the exd-1 pattern) the situation in Cupiennius is remarkably similar to
the situation in Drosophila. This demonstrates that the mechanisms
regulating leg segmentation and growth are conserved between two
arthropod species separated by over 500 million years of evolution
and thus likely trace from the ancestral arthropod.
Leg segmentation is a phylum speciﬁc novelty
It is widely assumed that the limbs of vertebrates and of
arthropods are not homologous. Consistent with this notion, the
limbs of vertebrates and arthropods differ morphologically anddevelopmentally and have a different embryological origin. It is very
surprising, therefore, that research into the patterning mechanisms in
vertebrate and arthropod limbs has revealed signiﬁcant similarities
between the two animal phyla. For example, during the initial
outgrowth phase there is a mutual repression between hth and exd
and their distal counterpart Dll in the ﬂy Drosophila (e.g. Wu and
Cohen, 1999, González-Crespo and Morata, 1996). The same distinc-
tion is made in the early limb buds of vertebrates: homologs of hth
and exd, Meis and Pbx, specify proximal fate and the homolog of Dll,
Dlx, speciﬁes distal fate (e.g. Mercader et al., 1999; Dollé et al., 1992).
In Drosophila, after this phase proximal fate is speciﬁed by teashirt
(tsh) and the distal portion is elaborated further by the introduction of
an additional domain speciﬁed by dac (e.g. Abu-Shaar and Mann,
1998; Erkner et al., 1999, Wu and Cohen, 2000). Pattern formation in
the distal part of the developing limb is controlled by the Hedgehog
(hh) signalling pathway via the morphogens Wingless (wg) and
Decapentaplegic (dpp) (e.g. González-Crespo et al., 1998, Lecuit and
Cohen, 1997). The situation is again very similar in vertebrates: the
proximal limb is speciﬁed by the tsh homologmtsh and the distal limb
is subdivided by Dach (a dac homolog) and Dlx, governed by Sonic
hedgehog, Wnt and Bmp signaling, the homologs of hh, wg and dpp,
respectively (reviewed in Pueyo and Couso, 2005).
These striking parallels in pattern formation have been interpreted
as redeployments of a conserved gene network for novel functions in
arthropods and vertebrates independently [also known as homocracy
(Nielsen and Martinez, 2003)]. This notion has been challenged
recently by Pueyo and Couso (2005), who propose that the patterning
mechanisms have evolved in an appendage of the bilaterian ancestor
(“urbilateria”) and therefore have always been used for appendage
formation. The original urbilaterian appendage apparently does not
have a homologous counterpart in extant bilaterians, but the
mechanisms evolved for its development have been transferred to
new appendages and in this way survive in the limbs of vertebrates
and arthropods. Thus, the limbs of vertebrates and arthropods are not
homologous as such, but the patterning processes within them (that
could be called the urbilaterian “core” of appendage patterning),
might be derived from a common ancestral appendage.
N governed leg segmentation is then to be regarded as a late,
arthropod-speciﬁc addition to the ancestral core of limb patterning
mechanisms after the split of the vertebrate and arthropod lineages
(see Pueyo and Couso, 2005). The degree of evolutionary conservation
of the N patterning mechanisms between Drosophila and Cupiennius
parallels the level of conservation of the urbilaterian core patterning
in the arthropods. We suggest that the co-option of the Notch
signaling pathway and its targets to the limb patterning core was the
major phylogenetic (“phylum creating”) innovation that gave rise to a
novel morphological character (segmented limbs) and to the new
phylum of the arthropods altogether.
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